The determination and comparison of the structures of a number of glutamate dehydrogenases that span the spectrum of thermal stability from mesophiles to hyperthermophiles have revealed that the formation of extended ion-pair networks is a major stabilizing feature in the adaptation of the organism to life at 100
Introduction
The ability of enzymes from hyperthermophiles to operate for long periods at temperatures in excess of 100
• C has prompted much research into the molecular mechanisms that give rise to such remarkable properties [1] . Analysis of the structure of hyperthermophilic proteins has highlighted a range of differences between these enzymes and their mesophilic counterparts, including increased numbers of ion pairs, reduction in the size of loops and in the number of cavities, reduced ratio of surface area to volume, introduction of additional proline residues, increased hydrophobic interaction at subunit interfaces, increased extent of secondary structure formation and truncated N-and C-termini [2] [3] [4] [5] [6] [7] [8] [9] . The changes in stabilization energy required to adapt an enzyme to high-temperature operation are thought to be only of the order of a few hydrogen bonds, van der Waals contacts or stabilizing ion pairs [10] . That no generally accepted unifying theory on the origins of stability has yet emerged may well be due to the different ways in which Nature can produce such subtle effects. Despite these differences, one of the most commonly observed structural features of hyperthermophilic protein structures is the presence of raised numbers of ion pairs and salt-bridge networks [9, 11, 12] .
One of the major debates in the field of stability is the degree to which such networks can play a role in stabilizing protein structures at high temperatures, where the hydrophobic interaction is enthalpy-driven rather than entropy-driven at mesophilic temperatures [13] [14] [15] . As part of the increasing body of crystallographic knowledge of extremophilic proteins, we have determined the structures of a number of hyperthermophilic enzymes and analysed the structural differences between them and their mesophilic counterparts. The results of these analyses, paying particular attention to the salt-bridge networks observed, are discussed below as a series of case studies.
Case study a: GluDH (glutamate dehydrogenase)
GluDH catalyses the oxidative deamination of glutamate to 2-oxoglutarate with concomitant reduction of NAD(P) + , and has been shown to be widely distributed in Nature across species ranging from psychrophiles to hyperthermophiles. Extensive characterization of this enzyme has led to its adoption as a model system for analysing the determinants of thermal stability and many structures have been determined. Two such species studied are Pyrococcus furiosus and Thermococcus litoralis, which are both hyperthermophilic organisms whose optimal growth temperatures are 100 [16] and 88
• C [17] , respectively. The GluDHs from these organisms are closely related, sharing 87% sequence, yet the P. furiosus enzyme has a half-life of 4.6 h at 104
• C compared with 0.3 h for the T. litoralis enzyme, with their melting temperatures being 114.5 and 109
• C, respectively [18] . Analysis of the structures [11, 19] has shown that the less stable T. litoralis enzyme has a decreased number of ion-pair interactions, modified patterns of hydrogen bonding resulting from isosteric sequence changes, substitutions that decrease packing efficiency and substitutions which give rise to subtle but distinct shifts in both main-chain and side-chain elements of the structure, consistent with the current ideas on the mechanisms for thermal stability [20] [21] [22] . In three cases the sequence changes involve the exchange of isoleucine for valine with one of these occurring in a cluster of five isoleucine residues in the P. furiosus enzyme. Such clusters of isoleucines have also been noted in the structure of P. furiosus citrate synthase [23] ; however, their role in conferring stability is as yet unclear. *Comparisons of the ion-pair networks and the number of intersubunit ion pairs refer to the number of such interactions in the hexamer.
Salt-bridge networks in GluDH
The comparison of the structures of the P. furiosus and T. litoralis GluDHs clearly reveals an overall decrease in the extent of the ion-pair network formation (Table 1) . Both enzymes contain a large intrasubunit 18-residue network not seen in the mesophilic structures. However, the second largest salt-bridge network of six residues in P. furiosus GluDH is not present in the T. litoralis structure, due to the critical replacement of the central glutamate residue by threonine (E138T). To test whether this substitution is destabilizing, a single mutation, T138E, was introduced into T. litoralis GluDH with the aim of enhancing its stability. However, this mutant enzyme is less stable, having a melting temperature of 103.5
• C and a half-life at 104
• C of <0.01 h, compared with 109.0
• C and 0.3 h for the wild-type enzyme [18] , which appears to undermine the idea that ion pairs play a role in conferring stability. However, the local environment around position 138 in T. litoralis GluDH is modified with respect to the P. furiosus enzyme, which arises from the differences in the side chains at this, and at neighbouring positions. These result in subtle positional shifts in the main chain of the string of basic residues Arg-164, Arg-165 and Lys-166, as well as in the main chain of Thr-138, each of which participate in the six-residue ion-pair network in P. furiosus GluDH. In addition, other nearby sequence substitutions modify the context of the glutamate at position 138 in the T138E mutant of T. litoralis GluDH, compared with the P. furiosus enzyme. For example, the substitution T167D must necessarily modify the electrostatic potential at position 138 in the T. litoralis enzyme. One possible consequence of the subtle position shifts is that the residues in the T. litoralis GluDH may not necessarily be in the correct orientation to reproduce the ion-pair cluster seen in the P. furiosus enzyme and hence could explain why the single mutation T138E might not confer additional stabilization. The analysis of a double mutant of T. litoralis GluDH (T138E, D167T) shows that it has a substantially increased thermal stability compared with the wild-type T. litoralis enzyme (melting temperature of the mutant is 111.5
• C of 1.1 h [18] ), whereas the control mutation, D167T, leads to a slight reduction in thermal stability, all measured in 0.5 M KCl. It is possible that in the double mutant the second mutation (D167T) works in conjunction with the first (T138E) to allow all the side chains in the six-residue ion-pair network to be optimally aligned. Alternatively, unfavourable electrostatic contacts in the region of residue 138 may arise when a glutamate is introduced at this position in the T. litoralis enzyme, given that an additional aspartic acid residue is present at position 167, even though the carboxy group of the latter lies some 10 Å from the centre of the ion-pair network. In support of this, experiments have shown that at high salt concentrations (1 M KCl), the D167T mutation stabilizes the T. litoralis enzyme 2.5-fold relative to the wild type [18] , suggesting that unfavourable electrostatic interactions may be shielded in solutions of high ionic strength.
Case study b: Thermotoga maritima MTase (maltosyltransferase)
The hyperthermophilic bacterium T. maritima has two different 4-α-glucanotransferases, which belong to the glycoside hydrolase family and display unusual biochemical properties distinguishing them from other 4-α-glucanotransferases. One of these, MTase, acts on α-1,4-linked glucans or maltooligosaccharides at least three residues long (maltotriose) and, unlike any of the known 4-α-glucanotransferases, has a strict transfer specificity of maltosyl residues.
MTase from T. maritima displays considerable resistance to thermal inactivation, with half lives of about 2.5 h, 17 h and 21 days recorded at 90, 85 and 70
• C (pH 6.5), respectively. Analysis of the structure of this enzyme shows strong hydrophobic interactions at the dimer interface; such interactions have been suggested as important determinants of thermostability, in for example the Thermus thermophilus 3-isopropylmalate dehydrogenase [24] , the Bacillus stearothermophilus triose phosphate isomerase [25] and the T. maritima phosphoribosyl anthranilate isomerase [26] . However, it remains to be seen what role the strongly hydrophobic interface plays in the overall thermostability of MTase. MTase has a high content of Arg, Lys, His, Asp and Glu residues (31.6%), compared with the average level of charged amino acid residues in mesophilic proteins (24.1%; [27] ), primarily at the expense of uncharged polar residues (Table 2) . This observation reflects the general trend in amino acid usage in thermophiles [27] . Overall, there are 47 salt bridges including six salt-bridge clusters of three residues and one cluster of four residues in the structure of MTase. Eighteen salt bridges (including four triple-salt-bridge clusters) are located at the wider face of the (β/α) 8 barrel, possibly stabilizing the conformation of the α/β connecting loops. Moreover, the normalized number of ion pairs in MTase (0.07 per residue) is higher than the average value of 0.04 per residue observed in a survey of 38 high-resolution protein structures [28] in line with previous suggestions [29] .
Case study c: Pyrococcus furiosus PGI (phosphoglucose isomerase)
P. furiosus uses a variant of the Embden-Meyerhof pathway during growth on sugars. All but one of the genes that encode the glycolytic enzymes of P. furiosus have previously been identified, either by homology searching of its genome or by reversed genetics. The missing link of pyrococcal glycolysis, PGI is a dimer of identical 23.5 kDa subunits and catalyses the reversible isomerization of glucose 6-phosphate to fructose 6-phosphate. At its optimum temperature of 90
• C the enzyme has a half-life of 2.4 h. The amino acid sequence of this first archaeal PGI is not related to its bacterial and eukaryal counterparts. In contrast, this archaeal PGI shares some similarity with the cupin superfamily that consists of a variety of proteins that are generally involved in sugar metabolism in both prokaryotes and eukaryotes. As for the P. furiosus PGI, distinct phylogenetic origins have previously been reported for other enzymes from the pyrococcal glycolytic pathway. Apparently, convergent evolution by recruitment of several unique enzymes has resulted in unique Pyrococcus glycolysis. The structure of P. furiosus PGI [30] has revealed that the fold of P. furiosus PGI, based as it is on a cupin domain, is completely different to the αβα sandwich of the much larger structure of the eukaryotic [31] and bacterial [32] PGIs.
In P. furiosus PGI, there are 13 ion-pair interactions per monomer, of which 11 are intrasubunit and two are intersubunit. Overall the number of ion pairs per residue (0.07) within P. furiosus PGI is not significantly greater than that seen in an analysis of mesophilic proteins (0.04) [28] and is less than that observed in some hyperthermophilic proteins (0.13) [19] , but there are two small networks involving three (Lys-80-Glu-175-Lys-180) and four (Asp-94-Arg-95-Glu-155-Lys-92) residues. The T. litoralis PGI is 84% identical to the P. furiosus PGI and sequence comparisons indicate that the four-residue network is conserved but the substitution of Lys-80 and Lys-180 for Asn and Val, respectively, in T. litoralis PGI would lead to the loss of the three-residue network. This network stabilizes the contact between β strands β13 and β14 with the loop between β4 and β5 of the cupin domain and the loss of this interaction could possibly lead to fraying of the chain at the C-terminus and subsequent unfolding. However, this is yet to be tested experimentally.
Case study d: the AlaDH (alanine dehydrogenase) family
To extend our studies on the stability of proteins from hyperthermophiles to those from pyschrophiles, we are using the AlaDH family as a model system to investigate the molecular basis of cold adaptation. In general, psychrophilic enzymes have high catalytic efficiency (k cat /K m ) at low temperatures, display high conformational flexibility, and are thermolabile [33] . Some of the characteristics observed in psychrophilic enzymes appear to be opposite to those seen from thermophilic sources, including reduced numbers of salt Table 3 Properties of the AlaDHs from Vibrio proteolyticus, Shewanella sp. AC10 [41] and Vibrio PA-43 [42, 43] Thermostability is defined as the temperature at which the enzyme loses 50% of its original level of activity after 30 min of incubation. bridges, hydrogen bonds, aromatic-aromatic interactions, proline and arginine residues, as well as larger loops and greater exposure of non-polar groups to solvent [34] . AlaDH catalyses the NADH-dependent reversible reductive amination of pyruvate to L-alanine and is a key factor in the assimilation of L-alanine as an energy source through the tricarboxylic acid cycle during sporulation. The structure of AlaDH from the cyanobacterium Phormidium lapideum and Bacillus stearothermophilus [35] shows that a large-scale domain motion is required for catalysis. The AlaDHs from three closely related species, the moderate thermophile Vibrio proteolyticus, the pyschrotroph Shewanella sp. AC10 and the psychrophile Vibrio PA43 share a very close sequence similarity (>75% identities), yet appear at quite different points on the temperature spectrum, with quite different catalytic efficiencies and thermolabilities (Table 3) . Analysis of the structures of these AlaDHs will hopefully augment our understanding of the molecular basis of cold tolerance.
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Conclusions
Detailed understanding of the molecular basis of thermal stability of proteins has yet to emerge. Whereas a number of studies are suggesting a role for 'rigidifying' mutations in controlling stability [36] [37] [38] , such analyses are not yet widely available and the view that multiple mechanisms can control stability still prevails. One of the main findings of the analyses on glutamate dehydrogenase has been the observation that as the thermostability of the enzyme increases so does the number of ion pairs and, particularly, salt-bridge networks, in the structure. Introduction by sitedirected mutagenesis of salt-bridge networks, present in the extremely hyperthermophilic P. furiosus GluDH, yet missing in the less-stable Pyrococcus kodakarensis, T. litoralis and T. maritima GluDHs [11, 39, 40] , has resulted in more stable forms of the latter three enzymes. This suggests that the formation of extended ion-pair networks is a major stabilizing feature in the adaptation of the organism to life above 100
• C, particularly in multisubunit and multidomain enzymes. Analysis of the structures of the MTase from T. maritima and the PGI from P. furiosus has also suggested that saltbridge networks may play a role in the stabilization of these proteins. In extending these studies to psychrophilic amino acid dehydrogenases it will be interesting to see whether the trend towards more ion-pair networks seen at high temperatures is reversed at low temperatures.
The comparison of closely related structures in both the GluDH and AlaDH families has allowed us to focus our attention on distinct types of sequence change that we can now follow up rationally in a programme of site-directed mutagenesis. Whatever the outcome of these programmes it is clear that stability data will need to be carefully correlated with the structural properties of the mutants before any unifying theme can be presented.
